Loading macroalgae into existing anaerobic digestion (AD) plants allows us to overcome challenges such as low digestion efficiencies, trace elements limitation, excessive salinity levels and accumulation of volatile fatty acids (VFAs), observed while digesting algae as a single substrate. In this work, the co-digestion of the brown macroalgae Saccharina latissima with mixed municipal wastewater sludge (WWS) was investigated in mesophilic and thermophilic conditions. The hydraulic retention time (HRT) and the organic loading rate (OLR) were fixed at 19 days and 2.1 g l 
Introduction
Macroalgae are a valuable biomass for the production of a number of profitable products including biofuels. Having a potential energy content between 10 and 15 MJ kg -1 of dry matter (DM), a value similar to that of energy crops such as sugarcane (11 MJ kg DM -1 ), sunflower and rapeseed (19 MJ kg DM -1 ), together with the absence of lignin (nonfermentable component), deems macroalgae a promising substrate for anaerobic digestion (AD) [1, 2] . The Environment Committee of the European Parliament foresees the possibility of macroalgae-derived biofuels covering at least 1.25% of the total European energy consumption in the transport sector by 2020 [3] . However, there are still a number of obstacles limiting the exploitation of algae for biofuel production at a commercial scale [4, 5] . Focusing on biomethane production via AD, these are related to biomass availability, AD process efficiency and profitability.
While high-value algae derived products fulfil the demand of a small market with a relatively low amount of algae biomass (0.2 million tonnes of macroalgae harvested in the EU in 2015 [6]), biofuel production requires significantly higher biomass availability.
For macroalgae to satisfy the 1.25% target of the total European energy consumption for transport, more than 150 million tonnes per year would be required [7] . Therefore, despite the large amount of natural algae forests available, commercial utilisation of this biomass requires sustainable production facilities (e.g. algae farms). Algae farms have huge potential, but have to date suffered severe technical and biological difficulties such as determining optimal cultivation and harvesting techniques, experiencing adverse offshore weather conditions and a growth cycle mostly allowing for one harvest per year [7, 8] .
Once harvested, the algae biomass decays quickly [9] . Therefore, the biomass has to be stored and preserved until it is required, or it has to be processed in a short time [7] .
Storage of algae biomass is costly and still not applicable to intensive production systems, while processing of extensive biomass quantity in a short time implies high organic loading rates (OLRs) in the AD unit often resulting in low digestion performances. For example, Laminaria digitata, a brown macroalgae available in large quantities in the natural environment and easy to mass cultivate [10] , has a theoretical methane potential close to 500 ml g -1 of volatile solids (VS), but experimental data on semi-continuous digestion give in average half of this amount [11, 12] . This low yield would, assuming an annual biomass availability of 10,000 ton and a total solids (TS) content of 12% (75% VS of TS), give a yearly production of 225 000 Nm 3 CH4 from L. digitata. Applying a selling price at the production facilities equal to 0.75 € Nm -3 CH4 [13] , this gives a potential revenue of 140 € ton DM -1 , a value 1.5 times lower than the sole estimated harvesting cost for this algae (equal to 250 € ton DM -1 ) [14] . Therefore, a better profitability for production of biogas from macroalgae is needed. This can be achieved by higher biomass yields from algae cultivation and use of optimised AD conditions to obtain efficient degradation rates and high methane yields. In the example with L. digitata, a 90%
anaerobic degradation efficiency (instead of 50%) would increase the biomethane production by 80% giving a potential income close to 250 € ton DM -1 offsetting the harvesting costs. This higher degradation grade, combined with low cost harvesting and cultivation techniques, will be required for macroalgae to be considered as an economically competitive biomass for AD [7, 8] .
Co-digestion of algae with complementary substrates has shown promising results by enhancing the efficiency of the algal digestion. For instance, co-digestion of Saccharina latissima with wheat straw (75:25 algae:straw ratio) at a total OLR of 1.5 g VS l -1 d -1 in batch mode, increased the methane yields by 40% from 200 ml g VS -1 to 275 ml g VS -1 [15] . More recently, digestion of a mixture of fresh Ulva lactuca with dairy slurry in a semi-continuous system (25:75 algae:slurry ratio) with a total OLR at 2 g VS l
resulted in an algal methane yield at 95% of its batch potential value [16] . This suggests that it is beneficial to co-digest algal biomass in existing AD plants to increase digestability and methane yields. The co-digestion might however influence the fluid properties of the AD sludge which might lead to changes in rheological properties (e.g. apparent viscosity, limit viscosity and yield stress) possibly leading to inadequate mixing and heat transfer, breakdown of stirrers, and/or foaming. These kind of problems, which can differ in mesophilic and thermophilic conditions, may lead to deteriorations in the overall process performance and increase in energy consumption [17, 18, 19] .
The aim of the study is to investigate the performance of S. latissima in co-digestion with municipal WWS under different conditions including different algae:sludge VS-ratios conditions. Tests will be performed in lab-scale semi-continuously stirred tank reactors (CSTRs). This will assess the impact of algal biomass on the reactor sludge viscosity at low (<1 gVS l -1 d -1 ) and high (1-1.7 gVS l -1 d -1 ) algae loading for the first time.
Material and methods

Substrates
S. latissima was cultivated by SINTEF in Kristiansund, Norway, and harvested at the end of its growth cycle in June 2014. The algae biomass (ca. 200 kg wet weight) was homogenised in a blender to a particle size ≤ 1 cm 2 and stored at -20°C until utilisation.
The TS was 10% and VS 50% of TS. WWS (primary sludge mixed with waste activated sludge from a recirculation tank) was collected every two weeks from a local municipal wastewater treatment plant (Linköping, Sweden) and stored at 4°C until utilisation. The TS concentration varied between 4% and 6%, while the VS concentration was 78% of TS.
Semi-continuous AD reactors
Four 5 l semi-CSTRs, with a working volume of 4 l, were operated in duplicate for 295 days; two in mesophilic (37°C) and two in thermophilic (52°C) conditions. The reactors were inoculated with active anaerobic biomass (4 l to each reactor) from a full scale mesophilic AD plant treating municipal WWS in Linköping (Sweden), and a thermophilic plant treating municipal food waste in Borås (Sweden), respectively. The OLR and HRT Scandinavian Biogas Fuels AB (Stockholm, Sweden). Biogas production was measured continuously by Ritter MCG meters (Bochum, Germany). Gas composition measurements (CH4, CO2, O2 and H2S) were undertaken using a Geotech Biogas analyser (Royal Leamington Spa, United Kingdom) once a week on a 24h collected sample.
Measurements were verified using a standard gas mixture (CH4 and N2). All gas yields are given at standard pressure and temperature (0°C; 100 kPa) and as a mean average value of the duplicate. Statistical analysis (ANOVA) of biogas production was carried out as per http://www.r-project.org/, with significance accepted at p ≤ 0.05.
Batch digestion
The biomethane potential (BMP) of the substrates was determined after 60 days of mesophilic batch digestion and performed in triplicate, following the procedure reported by Ekstrand et al. [20] . Briefly, a 320 ml glass bottle was filled with 20 ml of fresh inoculum, obtained from the local mesophilic AD plant (Linköping, Sweden), substrate (8 g for S. latissima and 15 g for the WWS, giving an substrate:inoculum ratio close to 2:1 of VS), 2 ml of saline solution (450 mM NH4Cl, 410 mM NaCl, 60 mM CaCl2·2H2O, 29 mM MgCl2·6H2O), 0.3 ml Na2S (100 mM solution) and water to reach 100 ml final volume. Biogas production was measured at regular intervals (day 1, 2, 5, 10, 20, 30, 45
and 60) using a Testo 312-3 pressure gauge (Testo AG, Germany). Methane content was determined by GC-FID following the procedure reported by Karlsson et al. [21] . All gas yields are given as average value of a triplicate ± SD at standard pressure and temperature (0°C; 100 kPa).
Analytical procedures
The VFAs content was determined from 1 ml of liquid samples centrifuged at 12,000 rpm for 10 min. , respectively, in triplicate following the three-step protocol described by Björn et al. [18] .
A rotational rheometer (RheolabQC SN80609650) equipped with a CC27-SN19237 measuring system and a C-LTD 80/QC cell, coupled with Rheoplus software was used for the analyses. The temperature was fixed at 37°C and 52°C for the meso-and thermophilic samples respectively. The certified viscosity reference standard CannonRT1000 was used for quality control.
Results and discussion
Substrate characterisation
Cultivated S. latissima had an average TS content of 10%. Visual observation of the algae identified the presence of fouling biomass (small shellfish and marine microorganisms)
as a result of the late harvesting. No fouling was observed on the non-cultivated S.
latissima. The fouling resulted in an increased ash content (50% of TS), related to higher contents of elements including iron, copper, magnesium, manganese and titanium in comparison with the same algae specie harvested from the non-cultivated wild biomass (Table 1 ).
The main inorganic components of the algae biomass was sodium (75 g kg TS -1 ) and potassium (55 g kg TS -1 ) followed by sulphur, magnesium, calcium, iron and phosphorus (ranging 3.3 to 19 g kg TS -1 ; Table 1 ). The sum of arsenic, cadmium, chromium, lead and mercury constituted 0.03 g kg TS -1 . The concentrations of trace elements essential for AD, such as cobalt, molybdenum, nickel, selenium, were low in relation to the requirements presented by Montingelli et al. [24] . For the WWS, iron was the main inorganic compound (33 g kg TS -1 ) followed by phosphorus (19 g kg TS -1 ), calcium (15 g kg TS -1 ) and aluminium (12 g kgTS -1 ). The concentration of cobalt was similar to that of the algae while molybdenum and nickel levels were two times higher, and selenium four times lower, while the other heavy metals contents were below 0.02 g kg TS -1 ( Table   1 ).
The BMP of the cultivated algae biomass was 240±5 ml g VS -1 , which is similar to the value of 220±61 Nml g VS -1 reported by Vivekanand et al. [15] for S. latissima biomass cultured in the same area and environment. However, higher values, 340±36 Nml g VS -1 , were reported for processing the same algae, non-cultivated and harvested from a different location [12] . In addition, the processed algae biomass was characterised by a low sugar content. Compared with expected values exceeding 10% of the dry weight, the measured laminarin and mannitol content was equal to 0.2% and 3.8%, respectively [cf.
9,25]. The low sugar content partly explains the low BMP value obtained in the study, confirming the impact of cultivation location and conditions, and harvesting time, on the overall biomass composition [26] .
Compared with the algae biomass, the WWS showed a significantly higher (+48%) methane potential equal to 360±9 Nml g VS -1 . Therefore, while replacing an increasing amount of the OLR with algae biomass, a decrease in the potential methane production
occurred. An increasing proportion of VS with a high methane yield (360 Nml g VSsludge (Table 2) this gave a methane production close to 300 and 350 Nml g VS -1 d -1 at mesophilic and thermophilic conditions, respectively. The total solids content in the reactor was 2.7%
(65% VS of TS) resulting in a VS reduction close to 60% in both systems (Table 2) .
On day 65, the substitution of 20% of the OLR with algae biomass caused a drop in the biogas production of about 15% in accordance with the lower BMP value of the new feeding ( Figure 1 -Phase 1, 20% algae). After 3 HRTs, the total biogas production at total VS reduction and 30% VS reduction of the algae biomass (60% VS reduction applied to WWS).
The additional algae biomass loading introduced into the system from day 145 ( Figure 1 -Phase 2, 50% algae) did not impact the average biogas/methane production for the first HRT. However, from day 170 a decrease in production was observed for all reactors followed by an increase during the third HRT (days 198-215). All reactors showed similar methane production; 260 Nml g VS -1 d -1 , which corresponds to 86% of the estimated BMP value for this phase. The total VS reduction was stable at 50% and 52% for the mesophilic and thermophilic processes, respectively, but a greater percentage of the algal biomass was now digested (48-50% algal VS-reduction).
During the final phase of the experiment ( 
pH and VFA accumulation
The mesophilic reactors operated at a pH of around 7.5 until day 215 (Figure 1 ).
Subsequently, during the highest algae loading phase (80% algae), in correspondence to the low methane yields observed previously, VFA accumulation up to 8 g l -1 reduced the pH value below 7.0. The observed reduction of acetic acid after day 265 and the consequent pH increase confirmed microbial adaptation to the new feedstock composition enhancing digestion performances ( Figure 2 ).
The effect of the 80:20 algea:sludge load was less pronounced in the thermophilic reactors; the pH value remained at 8.0 and total VFA did not exceed 3 g l -1 . Temperature is known to impact the microbial community and therefore higher diversity occurs at mesophilic versus thermophilic conditions [29] , and higher activity take place at thermophilic conditions [30, 31] . This partially justifies the lower VFA accumulation, together with the higher methane yields observed at 52°C compared to 37°C. However, the thermophilic digester behaviour suggests a process capable of digesting higher algae loading despite observed decreasing concentrations of trace elements and high S with increased algae load (additional information in Table A1 ). To illustrate, the replacement of WWS with algae over time reduced the concentration of Co, Ni and Mo measured in the digested sludge with over 50%, while the loading of S into the system increased from 8 g kg TS -1 (sludge only) to 17 g kg TS -1 (80:20 algae:sludge).
Hydrogen sulfide
The initial H2S concentration was below 5 ppm and increased gradually eventually exceeding 1000 ppm at the end of Phase 2 (50:50 algae:sludge) and 10 000 ppm during Phase 3 (80:20 algae:sludge) ( Although similar H2S concentrations were shown not to give process disturbance during AD of macroalgae [32] , the presence of H2S has a major impact on the economy of the biogas upgrading process and downstream utilisation [14] . This is in contrast to previous work [34] . Despite high H2S concentrations, the higher methane yields observed at thermophilic conditions during the first HRT in Phase 3 (Figure 1 -80% algae), show that this process is more suitable for degradation of high loadings of algae biomass than for mesophilic digestion.
Ammonium
The ammonium concentration increased over time in both systems without exceeding 1.7 g NH + 4-N l -1 (Table 2 ). This is the result of the additional proteins introduced with the algae (between 3% and 21% of the dry matter [2] 
Conductivity
The conductivity value was highly effected by the algae biomass addition (Figure 3 ).
Within the reactor, the initial conductivities of the mesophilic and thermophilic conditions were 7.5±0. . Therefore, the observed conductivity increment will mainly be due to salt loading (Na + and K + ), suggesting a stress of the system as a result of the algae addition. In all reactors the concentration of Na + and K + increased over time to reach 0.5 g l -1 and 5 g l -1 respectively at the end of phase 3 (80:20 algae:sludge).
However, these values are below the 6 g Na l -1 and 17 g K l -1 identified by Jard et al. [27] to inhibit the methanogenic activity when processing the same alga species S. latissima (50% inhibition).
Although salinity has been proved to inhibit the AD by impacting the methanogens [40], the levels achieved in this work did not seem to affect the methanogenic activity as the methane level in the produced gas remained above CH4 ≥ 60%. (Table 2) .
Viscosity
The viscosity values (apparent and limit viscosity) differed between the two digestion systems ( Table 2) . Higher limit viscosities, between 6.1 and 7.4 mPa s, were measured in mesophilic conditions (thermophilic 4.6 -5.6 mPa s). In both systems, the increase in TS from 3.5% to 4.5% between phase 1 (20:80 algae:sludge) and phase 2 (50:50 algae:sludge) did not impact on the limit viscosity values. However, the additional TS increment (>5%) in Phase 3, due to increased algae loading (80:20 algae:sludge), reduced limit viscosities by 20%. These behaviours confirm that the TS content alone is not a reliable parameter to predict and evaluate changes in viscosity in AD processes. This is as previously reported by the authors in earlier viscosity studies of full-scale biogas reactors with different substrate profiles [18, 41] . As the structure of digested WWS is governed by steric interactions [42], a high impact on viscosity can be influenced by the presence of extracellular polymeric substances (EPS) in the WWS including filamentous cells, lipids, proteins and biosurfactants [43] . Therefore, together with TS content, the monitoring of these parameters could be an optimal strategy to predict changes in viscosity of the digester fluid and the extent of the mixing demand and associated required energy supply .
Economic feasibility
Current cultivation practise of S. latissima in Norway would supports an algal biomass production of 100-150 ton (wet weight) ha -1 y -1 [9, 44, 45] . For the purpose of this analysis, a 80 ha algae farm has been considered, thus resulting in a production of 10,000 ton y -1 .
This corresponds to 700-980 ton VS y -1 depending on the biomass' VS content (Table 3) .
In co-digestion with mixed municipal WWS, this amount of algae could provide between 154 000 and 245 000 Nm 3 CH4 depending on the digestion condition applied (Table 3) .
Hence, with a methane market value of 0.75 € Nm -3 [13] , 10,000 ton of algae could provide a revenue between 0.12 and 0.19 million Euro when used for biomethane production (Table 3 ). This value covers only 30-50% of the estimated price for macroalgae biomass delivered at the AD site exceeding 0.35 million Euro (250 € ton DM -1 as harvesting costs only [14] ), confirming the processing of macroalgae for biomethane production non-yet profitable [14] .
To turn macroalgae biomass as a profitable biomass for biomethane production, we see three feasible alternatives: (1) algae biomass production costs (cultivation and harvesting) are significantly reduced, or (2) biomethane production from algae is integrated in a biorefinery approach, or (3) innovative strategies to compensate the biomass costs are considered. For (1), based on current costs for the operation of a conventional AD unit treating multiple substrates in Sweden [13] , the maximum acceptable selling price for macroalgae delivered at the AD plant premises is estimated to range between 4 and 12 € ton DM -1 ( For (2), the biomass should first be processed for high valuable products (e.g. extraction of proteins and pigments) and the residues then used for biomethane production [7, 8] .
The profit related to the commercialisation of the high-value products will contribute to offset cultivation/harvesting costs supporting commercial competitiveness of algae based biofuels. However, this will impact expected methane yields and the related revenue value as part of the methane potential will be lost in the extracted material (e.g. proteins). For enough to offset algae biomass production costs.
Conclusions
Wastewater sludge is a suitable co-substrate to optimise AD of S. latissima. An algae biomass loading between 0.4 and 1 g VS l -1 d -1 (OLRalgae below 50% of total OLR)
showed a digestion efficiency up to 92%, with average methane yields close to 220 Nml g VS -1 , equal to 15 Nml g -1 of wet biomass. This potentially allows a revenue generation of between 10 and 18 € ton -1 wet treated biomass, depending on the VS content. The highest algae loading tested (1.7 g VS l -1 d -1 ) initially gave an instable digestion process that suffered from VFA accumulation as well as low trace elements concentration.
However, both the mesophilic and the thermophilic processes adapted to the high algae load leading to a recovery of VFA concentrations below 2 g l -1 and re-established methane yields, with the thermophilic process, allowing a faster recovery. The salt loading introduced into the AD systems with the algae, did not reduce the process efficiency.
Furthermore, the highest inclusion of macroalgae reduced the viscosity of the digester material, likely enhancing its mixing properties both at mesophilic and thermophilic conditions. 
